stenosis (16, 17) . Exogenous NO reduces both the number and amplitude of isolated pyloric pressure waves in normal humans (18) . NO donors also alter the distribution of liquid glucose within the stomach and may slow gastric emptying, perhaps by reducing tone in the proximal stomach (19) . Endogenous NO may inhibit gastric emptying in humans (20, 21) , although in animal models, nNOS inhibition delays gastric emptying (22) (23) (24) .
Studies suggest that nNOS dysregulation may contribute to gastropyloric dysfunction in animal models of diabetes. Streptozotocin-induced (STZ-induced) diabetes results in a modest diminution of NO-dependent relaxation of gastric muscle strips in rats (25) and a modest decrease in nNOS protein expression in the antrum of the stomach (26) . The stomachs of spontaneously diabetic rats have decreased NO-mediated relaxation of gastric muscle strips and attenuated expression of nNOS protein and mRNA (27) . These studies suggest that nNOS expression may be disrupted in diabetes. However, because blood glucose levels were not corrected in these studies, the mechanism and the functional consequences of the loss of nNOS expression remain obscure.
In the present study, we evaluate the role of nNOS in gastropyloric function by monitoring gastric emptying and pyloric neurophysiology in ex vivo organ bath preparations using mice with targeted genomic deletion of nNOS. We report delayed gastric emptying and a loss of NO-mediated nonadrenergic, noncholinergic (NANC) relaxation in the pylorus of nNOS -/-mice. Using two models of diabetes in mice, we find that diabetic mice develop delayed gastric emptying and a loss of NO-mediated NANC relaxation in the pylorus that resembles the phenotype of nNOS -/-mice. nNOS protein and mRNA are depleted in pyloric myenteric neurons of diabetic mice consistent with a lack of NOmediated pyloric relaxation. Insulin treatment reverses the abnormal physiology of diabetic mice and restores pyloric nNOS protein and mRNA. Treatment of diabetic animals with sildenafil, a cGMP phosphodiesterase inhibitor that augments NO signaling, reverses delayed gastric emptying. Accordingly, the key features of diabetic gastropathy in mice reflect a reversible downregulation of nNOS.
Methods
Animals. Mice were allowed free access to food and water except when fasted, as indicated for experiments. The weights and serum glucose levels of groups of animals used for experiments are given in Table 1 . Wildtype mice (C57BL/6) were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). nNOS -/-mice were obtained following targeted genomic deletion of nNOS (15) and have the genetic background of C57BL/6 mice (28). For STZ-induced diabetes, adult male mice (C57BL/6) were injected intraperitoneally with a single dose of STZ (200 mg/kg in 0.1 M sodium citrate) as described elsewhere (29) , whereas control mice were injected with an equal volume of vehicle (sodium citrate). STZ-treated mice were used for experiments 8 weeks after STZ injection. After STZ treatment, serum glucose levels were monitored weekly by tail vein sampling of animals fasted for 12 hours with the Accu-Check Easy Blood Glucose Monitor (model 788; Boehringer Mannheim, Indianapolis, Indiana, USA). The average serum glucose levels for wild-type animals and the STZ diabetic mice 8 weeks after injection were 99 mg/dL and 388 mg/dL, respectively (Table  1) . Adult male nonobese diabetic (NOD/LtJ [NOD]) mice were obtained at 8-10 weeks of age (The Jackson Laboratory). Serum glucose levels were also monitored weekly with the Accu-Check monitor. NOD-prediabetic mice and NOD-diabetic mice had average serum glucose levels of 88 mg/dL and 232 mg/dL, respectively (Table 1) . For the indicated experiments, NOD-prediabetic mice were sacrificed at 10 weeks of age after serum glucose levels were confirmed, whereas NOD-diabetic mice were sacrificed at 30-32 weeks of age after elevated serum glucose levels were confirmed.
Insulin treatment was given using LinBit, a sustained-release insulin implant (0.1 U/d/implant; LinShin Canada Inc., Toronto, Ontario, Canada). After brief anesthesia with diethyl ether, the insulin implant was quickly immersed in Betadine solution (McKesson, San Francisco, California, USA) and implanted subcutaneously with a 12-gauge needle. Serum glucose levels were monitored, and insulin-treated animals were used for experiments after 12 hours or 1 week of insulin therapy, as indicated. The serum glucose levels after 1 week of insulin treatment are shown (Table 1) , as are the serum glucose levels after 12 hours of insulin treatment (see Figure 2b) .
As indicated, insulin-treated diabetic mice were treated with the nNOS inhibitor 7-nitroindazole (7-NI; Lancaster, Wyndham, New Hampshire, USA) by two intraperitoneal injections (50 mg/kg) of a suspension in sesame oil (Sigma Chemical Co., St. Louis, Missouri, USA) given 24 hours and 30 minutes before determination of gastric emptying. In other experiments, NOD-diabetic and STZ-diabetic mice were treated with sildenafil (1 mg/kg in water; Pfizer, Groton, Connecticut, USA) by intraperitoneal injection 20 minutes before determination of gastric emptying. For all experiments, control animals were similarly injected with vehicle (either sesame oil or water).
Gastric emptying. Gastric emptying of liquids was determined as described previously (30) . For any experiments using diabetic mice, serum glucose levels of all animals were confirmed immediately before monitoring gastric emptying. Adult mice were sedated briefly (< 30 seconds) with diethyl ether. Mice fully recovered from sedation in less than 1 minute. During brief sedation, oralgastric intubation was accomplished with a 21-gauge needle fitted with a thin plastic catheter (8 cm in length). Then, 0.2 mL of 1 mg/mL phenol red-labeled 20% dextrose (or other solution, if indicated) was instilled into the stomach. Mice were placed in clean, empty cages until the time of sacrifice. At the indicated time (0-120 minutes), mice were rapidly sacrificed by cervical dislocation and the stomach was excised. The duodenum was ligated, followed by transverse resection of the lower esophagus, and the stomach was removed from the body cavity. Excised stomachs were homogenized with a polytron (Brinkmann, Westbury, New York, USA) homogenizer in 3 mL of 95% ethyl alcohol. After centrifugation (40,000 g for 20 minutes), an aliquot of the supernatant was used to determine phenol red content. Standard curve was constructed and found to be linear over the range of 1-20 µg of phenol red. Phenol red content was monitored at 410 ηm, at which a single peak of absorbance was observed when extracted with ethanol. Thus, gastric emptying data are presented as the percent of phenol red retained, which is calculated as the mean (± SEM) of several measurements from several animals for each time point as indicated in the figure legends. The time required to empty 50% of the phenol red containing meal (half-time [t 1/2 ]) was derived directly from the graphed data.
Organ bath physiology. Mice were sacrificed by cervical dislocation, and the gastrointestinal tract from the lower esophageal sphincter to the distal duodenum was removed from the body cavity and placed in Ca 2+ -free Krebs-Henseleit (KH) buffer. The pyloric sphincter muscle was dissected in Ca 2+ -free KH and mounted between two L-shaped tissue hooks. The ex vivo preparations were then placed in 25-mL chambers containing KH buffer (Sigma Chemical Co.) at 37°C and continuously bubbled with 95% O 2 , 5% CO 2 . Tension was monitored with an isometric force transducer and recorded with a chart recorder. For routine experiments, pylori were equilibrated in KH buffer for 1 hours with 4.9 mN of tension applied. Then, pylori were pretreated with atropine (1.0 µM), propanolol (1.0 µ M), and indomethacin (10.0 µM) for 30 minutes to block cholinergic-, adrenergic-, and prostaglandinmediated responses, respectively. Ex vivo preparations of pylori have regular phasic contractions but do not develop significant spontaneous tone (tonic contraction) that would allow the direct measurement of relaxation. Thus, precontraction of the pyloric muscles with substance P (SP) was used to generate tonic muscle contraction and allow the measurement of relaxation. Pylori were contracted with 0.1 µM SP, and those specimens demonstrating a sustained tonic contraction were used for experiments. NANC relaxations were induced 10-20 seconds after contraction with SP by electrical field stimulation (EFS; 40 V, 2-10 Hz, 5 ms pulse for a duration of 5 or 2 seconds, as indicated). For quantitative determination of relaxation, we used several pylori from any given treatment condition, as indicated in the figure legends, and used the relaxation obtained from the first EFS under NANC conditions. In some experiments, pylori were stimulated first with 10 Hz followed by 5 and then 2 Hz, whereas in others, the order of stimulation was reversed. In wild-type pylori, responses to EFS were similar regardless of the order of stimulation. In other experiments, we observed similar responses to 2, 5, or 10 Hz given as single stimuli after SP contraction. To confirm the role of neuronal depolarization in evoking NANC relaxations, tetrodotoxin (TTX; 0.1 µM; Research Biochemical, Natick, Massachusetts, USA) was used. The NO dependence of NANC relaxations was confirmed by incubation with either 0.1 mM Nnitro-L-arginine (L-NNA; Sigma Chemical Co.) or 0.1 mM 7-NI for 30 minutes before EFS.
Immunohistochemistry. For nondiabetic studies, wildtype animals or 10-week-old NOD-prediabetic animals were used. For diabetic studies, we used animals 8 weeks after STZ injection (STZ diabetic) or 30-week-old NOD mice (NOD-diabetic). Pylori or other tissues were dissected and immediately imbedded (Tissue-Tek OCT 4583; Sakura Finetek Inc., Torrence, California, USA) and placed in dry ice and allowed to freeze. Routine sections (10 µm) were cut using a cryostat (-19°C; Leica Microm, Allendale, New Jersey, USA). For immunostaining, slides were fixed for 5 minutes in 4.0% paraformaldehyde, washed in PBS, and permeabilized with 0.1% Triton X-100 in PBS. Then, slides were incubated overnight at 4°C with primary antibodies as indicated: anti-nNOS (1:8,000; DiaSorin, Stillwater, Minnesota, USA), anti-synaptophysin (1:500; Sigma Chemical Co.), anti-VIP (1:4,000; Calbiochem-Novabiochem Corp., San Diego, California, USA), and anti-MAP-2 (1:200; Boehringer Mannheim). The antigens were visualized using the appropriate secondary antibodies and the Vectastain ABC kit (Vector Laboratories, Burlingame, California, USA).
In situ hybridization. In situ hybridization for nNOS was performed as described previously (31, 32) .
Western blot analysis. Mouse tissues were homogenized in ice-cold buffer containing 50 mM Tris (pH 7.4, 25°C), 100 mM NaCl, 1 mM EGTA, and protease inhibitors (4 µg/mL leupeptin, 2 µg/mL antipain, 2 µg/mL chymostatin, 2 µg/mL pepstatin, and 1 mM PMSF). After centrifugation (15 minutes, 16,000 g), the supernatants were collected and protein content was determined (Coomassie protein assay; Pierce Chemical Co., Rockville, Illinois, USA). Samples (50 µg protein) were subjected to SDS-PAGE (4-12% gradient gel; Bis-tris NuPage; Novex, San Diego, California, USA) and then transferred to PVDF membranes (Immobilon-P; Millipore Corp., Bedford, Massachusetts, USA). For Western blot analysis, blots were incubated in blocking buffer (PBS, 0.1% Tween-20, 5% nonfat milk) for 30 minutes at 25°C. Then, the blots were incubated in blocking buffer with primary antibody (anti-nNOS antibody, MAB1265; Transduction Laboratories, Lexington, Kentucky, USA) at a dilution of 1:1,000 for 1 hour at 25°C with gentle agitation, followed by three 5-minute washes with blocking buffer. Blots were then incubated with secondary antibody (goat anti-mouse IgG; Amersham Life Sciences Inc., Arlington Heights, Illinois, USA) at a dilution of 1:5,000 in blocking buffer for 30 minutes at 25°C, followed by three 5-minute washes with blocking buffers and then two 5-minute washes with PBS. Immunoreactive proteins were visualized using enhanced chemiluminescence (Renaissance Western Blot Chemiluminescence Reagent Plus; NEN Life Science Products Inc., Boston, Massachusetts, USA).
Statistical analysis. Data were analyzed using GraphPad Prism software (version 2.01; GraphPad Software Inc., San Diego, California, USA). Significance was analyzed using a paired, two-tailed, Student's t test, and, unless otherwise indicated, data are presented as mean values (± SEM). As indicated, single comparisons of groups of experimental mice were made to the appropriate control group.
Results

nNOS -/-mice have delayed gastric emptying and lack pyloric NANC relaxation.
The pyloric hypertrophy and gastric dilation of nNOS -/-mice suggests a key role for NO in pyloric function (15) . nNOS is expressed throughout the stomach, pylorus, and intestine (33) (34) (35) , and all of these tissues contribute to the coordinated regulation of gastric emptying (10) in different ways. Thus, we wanted to determine the overall functional effect of genomic deletion of nNOS on gastropyloric physiology in nNOS -/-mice. To address this, we adapted a spectrophotometric method to measure gastric emptying of liquid meals in mice (30, 36) . In these experiments, mice underwent oral-gastric intubation with a small catheter followed by instillation of a liquid containing a known quantity of phenol red. At appropriate times thereafter, the phenol red remaining in the stomach was quantified spectrophotometrically. Saline empties rapidly with a t 1/2 of 8 minutes, whereas 10% and 20% dextrose empty more slowly (t 1/2 = 24 and 32 minutes for 10% and 20% dextrose, respectively), reflecting a normal physiological slowing of gastric emptying in response to increased caloric load (Figure 1a) . In nNOS -/-mice, we observe a substantial delay in gastric emptying for saline (t 1/2 = 34 minutes), 10% dextrose (t 1/2 = 50 minutes), and 20% dextrose (t 1/2 = 75 minutes, Figure 1b) . Thus, gastric emptying is delayed in nNOS -/-mice, consistent with a key role for nNOS in gastric emptying.
Because localized pyloric contractions can obstruct gastric outflow (9, 10), impaired pyloric relaxation may account for delayed gastric emptying in nNOS -/-mice. To assess this possibility, we used ex vivo organ bath preparations of mouse pylori. nNOS -/-pylori have normal responses to acetylcholine (ACh), substance P (SP), and sodium nitroprusside (SNP) (data not shown), suggesting that smooth muscle function is not affected by loss of nNOS. Under NANC conditions, pylori were precontracted with 0.1 µM SP, and NO-dependent relaxation was elicited by electrical field stimulation. Wild-type pylori demonstrate substantial NANC relaxation in response to EFS (Figure 1, c and d ). This relaxation is mediated by NO as it is blocked by nNOS inhibitors, including 0.1 mM L-NNA and 0.1 mM. Under the same conditions, NANC relaxation is nearly abolished in nNOS -/-pylori ( Figure 1, c and d) . EFSinduced relaxations in wild-type pylori are completely blocked by 0.1 µM TTX, consistent with a neuronal source of NO. These results suggest that nNOS-derived NO accounts for NANC relaxation in the pylorus and that loss of NO-mediated NANC relaxation causes delayed gastric emptying.
Diabetic mice have delayed gastric emptying and decreased NO-dependent NANC relaxation similar to those of nNOS -/-mice. The delayed gastric emptying observed in the nNOS -/-mice is similar to human diabetic gastropathy (4-6, 37-39). In addition, previous reports have suggested that nNOS expression may be altered in diabetic rats (25) (26) (27) . To ascertain whether nNOS plays a role in diabetic gastropathy, we evaluated gastropyloric
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The nNOS -/-mice. As described in Methods, phenol red-labeled saline (circles), 10% dextrose (triangles), or 20% dextrose (squares) was instilled into the stomachs of groups of mice, five to ten animals for each time point. The mice were sacrificed at the indicated times to determine the fraction of phenol red remaining in the stomachs as a measure of gastric emptying. Individual data points represent the mean (± SEM) for five to 10 determinations at each time point derived from groups of individual mice. In some instances, the error bars are small and contained within the symbol. The delay in gastric emptying observed in response to increased caloric content is consistent with known gastric physiology and is preserved in nNOS -/-mice. (c) EFS-evoked NANC relaxations were monitored from wild-type and nNOS -/-pylori as described (see Methods). After precontraction with SP (0.1 µM), wild-type pylori demonstrate relaxation (> 95%) in response to EFS (40 V, 10 Hz, 5 ms pulse for a duration of 5 seconds), whereas relaxation is nearly absent in nNOS -/-pylori (< 5%). All EFS-evoked relaxations were blocked with 0. function in two models of diabetes in mice. NOD mice develop diabetes spontaneously, around 14 weeks of age, through autoimmune destruction of the pancreatic β cells (40) . Thus, young NOD mice (NOD-prediabetic) have normal insulin and glucose levels, although older NOD-diabetic mice have insulin-deficient diabetes. A second model of diabetes in mice uses STZ, a toxic glucose derivative selectively taken up by pancreatic β cells (29) . We induced diabetes with a single injection of STZ (200 mg/kg; as discussed in Methods) and studied the gastropyloric function of the STZdiabetic mice after 8 weeks. NOD-prediabetic mice have normal gastric emptying rates, similar to agematched, wild-type controls, whereas gastric emptying is markedly delayed in NOD-diabetic mice (Figure 2a ).
Like NOD-diabetic mice, STZ-diabetic mice have substantially delayed gastric emptying, resembling that of nNOS -/-mice (Figure 2a) . Thus delayed gastric emptying occurs in two distinct models of diabetes in mice. Hyperglycemia, including blood glucose levels within the normal postprandial range, can delay gastric emptying in normal and diabetic humans (41) (42) (43) (44) (45) (46) (47) , although increased pyloric contractions may not contribute to delayed gastric emptying during euglycemia (48) . Thus, hyperglycemia alone might explain the delay in gastric emptying observed in diabetic mice. To address this possibility, we treated STZ-diabetic animals with insulin using a subcutaneous implant (see Methods) and monitored serum glucose levels. Glucose levels declined from nearly 400 mg/dL to approximately 100 mg/dL by 12 hours after insulin therapy, whereas sham-operated animals had no significant change in their serum glucose levels (Figure 2b) . We monitored gastric emptying in sham-operated STZ-diabetic, insulin-treated STZ-diabetic, and wild-type mice. The t 1/2 of gastric emptying in wild-type mice is 36 minutes compared with 60 minutes for STZ-diabetic animals (Figure 2c ). After insulin treatment for 12 hours, we find only a modest increase in the gastric emptying rate with a t 1/2 of 54 minutes ( Figure  2c ). Thus hyperglycemia alone cannot account for the delayed gastric emptying observed in diabetic mice.
Given that delayed gastric emptying in nNOS -/-mice is associated with enlargement of the stomach, we monitored the size and weight of the stomach from mice with and without diabetes (Figure 2, d and e) . By 30-32 weeks of age (16-18 weeks after the onset of diabetes), NOD-diabetic mice develop gastric enlargement that resembles that of nNOS -/-specimens (Figure 2d ). This enlargement is reflected in the weight of the stomachs obtained from NOD-diabetic animals (Figure 2e ). The stomachs from STZ-diabetic mice (8 weeks after STZ treatment) often appear somewhat larger than wild-type specimens, but the weights of STZ-diabetic stomachs are not statistically different from those of wild-type specimens (Figure 2, d and e) . Thus NODdiabetic mice develop gastric enlargement after 16-18 weeks of diabetes, similar to nNOS -/-mice.
Because delayed gastric emptying in nNOS -/-mice reflects loss of pyloric NO-dependent NANC transmission, we monitored NO-dependent NANC transmission in pylori derived from diabetic mice using ex vivo organ bath preparations. Pylori from NOD-diabetic and STZ-diabetic have responses to SP, Ach, and SNP that resemble wild-type pylori (data not shown). nNOS -/-pylori have a nearly complete loss of NANC relaxation at 2, 5, and 10 Hz EFS, whereas NOD-prediabetic pylori resemble wild-type mice with maximal relaxation at 10 Hz (Figure 3a) . In contrast, NANC relaxation in NOD-diabetic and STZ-diabetic pylori is greatly reduced (Figure 3a) . To quantify the loss of NOmediated relaxation, we analyzed data derived from the first NANC relaxation obtained in response to EFS (10 Hz) from multiple pylori representing each group of animals ( Figure 3b ). Both STZ-diabetic and NOD-diabetic pylori have a dramatic reduction in NO-dependent NANC relaxation, mimicking nNOS -/-pylori (Figure 3b) . Taken together these data suggest that delayed gastric emptying in diabetic mice reflects a loss of NOmediated pyloric relaxation.
nNOS protein and mRNA expression is lost in diabetic mice. Since diabetic and nNOS -/-mice have similar abnormal gastropyloric physiology, we wondered whether nNOS expression is altered in diabetic pylori. Thus, we examined the expression of nNOS protein by immunohis-
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Figure 3
Pylori from diabetic mice lack NO-mediated NANC relaxation: reversal by insulin treatment. (a) EFS-evoked NO-mediated NANC relaxations are substantially reduced at 2, 5, and 10 Hz in nNOS -/-pylori compared with wild-type pylori. NOD-prediabetic pylori resembled the wild-type mice with maximal relaxation at 10 Hz. NOD-diabetic pylori have nearly absent NANC relaxation at 2, 5, and 10 Hz, resembling that of nNOS -/-pylori, whereas insulin treatment (1 week) of NOD-diabetic animals partially restores NANC relaxation. NANC relaxations in pylori from STZdiabetic mice are significantly reduced, similar to pylori from nNOS -/-mice, and insulin treatment (1 week) of STZ-diabetic animals restores NANC relaxation. In control experiments, we compared responses of wild-type pylori to EFS stimulation as 2, 5, and 10 Hz or in the reverse order 10, 5, and 2 Hz, and we observed no apparent differences. The results shown are representative samples of five to ten pyloric preparations from different animals. (b) Quantification of NANC relaxation in response to EFS in diabetic pylori. Several pylori, representing the indicated groups of mice, were used to quantitatively analyze the degree of NANC relaxation in response to EFS. Data shown are the means (± SEM) of several determinations for each group of mice: n = 10 for wild-type; n = 8 for nNOS -/-; n = 5 for NOD-prediabetic; n = 5 for NOD-diabetic; n = 8 for STZdiabetic; n = 5 for insulin-treated NOD-diabetic (NOD i ); and n = 8 for insulin-treated STZ-diabetic (STZ i ). A P < 0.01 for nNOS -/-and STZ-diabetic compared with wild-type specimens, for NOD-diabetic compared with NOD-prediabetic specimens, for insulin-treated NOD-diabetic specimens compared with NOD-diabetic specimens, and for insulin-treated STZ-diabetic specimens compared with STZ-diabetic samples.
tochemistry and nNOS mRNA by in situ hybridization. Immunohistochemistry reveals discrete staining for nNOS in myenteric neurons in wild-type (Figure 4a ) and NOD-prediabetic pylori (data not shown). Staining is absent in nNOS -/-mice (Figure 4a ), confirming the antibody's specificity. nNOS staining is nearly abolished in NOD-diabetic and substantially reduced in STZ-diabetic pylori (Figure 4a ). To quantify these changes, we determined the number of nNOS-positive neurons per high power field (hpf). nNOS-positive neurons are reduced about 65% in the STZ-diabetic pylori and by about 80% in the NOD-diabetic mice ( Figure  4b ). In situ hybridization reveals markedly decreased nNOS mRNA expression in nNOS -/-, NOD-diabetic, and STZ-diabetic pylori (Figure 5a ). nNOS-positive nuclei are reduced by 78% in NOD-diabetic pylori and by 53% in STZ-diabetic pylori (Figure 5b ).
To ascertain whether the diabetes-induced depletion of nNOS expression is unique to the pylorus or is a general feature of all intestinal tissues, we monitored nNOS expression by Western blot in various intestinal tissues derived from NOD-prediabetic, NOD-diabetic, and insulin-treated NOD-diabetic mice ( Figure 6 ). We find a pronounced depletion of nNOS in the pylorus, esophagus, and ileum ( Figure 6 ). In the antrum and body (fundus) of the stomach, we find a partial depletion of nNOS expression in NOD-diabetic tissues (Figure 6 ), consistent with previous reports in diabetic rats (26, 27) . A partial depletion of nNOS is also observed in the colon (Figure 6 ). We find no change in the expression of nNOS in the brain, suggesting that the depletion of nNOS in diabetes may be specific to the enteric nervous system (ENS). Thus, in diabetic mice, downregulation of nNOS occurs throughout the intestine, but is most pronounced in the pylorus, esophagus, and ileum.
Decreased nNOS protein and mRNA levels may reflect changes in nNOS expression or result from loss of the neurons that express nNOS. To determine whether loss of enteric neurons accounts for the decrease in nNOS immunoreactive neurons, we stained pyloric samples using antibodies to the neuronal markers, synaptophysin (SYN), microtubule-associated protein-2 (MAP-2), and neurofilament (NF; data not shown). MAP-2 and SYN immunoreactivity are not altered in nNOS -/-, NOD-diabetic, or STZ-diabetic pylori, indicating that neuronal loss does not account for depletion of nNOS expression (Figure 7) . We also neurons (49) (50) (51) . VIP staining is preserved in both NOD-diabetic and STZ-diabetic pylori ( Figure 7 ). These data indicate that the diminished nNOS does not reflect loss of myenteric neurons.
Sildenafil reverses delayed gastric emptying in diabetic mice. Conceivably, the expression of several proteins is reduced by the insulin depletion that occurs in diabetic animals. nNOS mediates smooth muscle relaxation through the activation of cGMP production by soluble guanylate cyclase in smooth muscle cells. Some disorders of NOdependent smooth muscle relaxation, such as impotence, can be treated by inhibition of the cGMP specific phosphodiesterase-5 (PDE5) that breaks down cGMP (52, 53) . To determine whether the loss of nNOS accounts for delayed gastric emptying, we used sildenafil. This was used because the PDE5 is enriched in the pylorus (54) . Inhibition of PDE5 allows the accumulation of cGMP in the presence of lower NO levels. We wondered whether treatment of diabetic animals with sildenafil would accelerate gastric emptying. Accordingly, we treated STZ-diabetic and NOD-diabetic mice with sildenafil (1 mg/kg) and monitored gastric emptying. Sildenafil reverses the delayed gastric emptying of both STZ-diabetic and NOD-diabetic mice with t 1/2 for gastric emptying of 30 and 36 minutes for sildenafil-treated STZ-diabetic and sildenafil-treated NOD-diabetic animals, respectively (Figure 8 ). These data implicate impaired NO signaling as the mechanism through which delayed gastric emptying develops in diabetic mice.
nNOS expression and NO-dependent NANC relaxation are restored by insulin treatment. Both NOD-diabetic and STZ-diabetic mice have elevated serum glucose with low insulin levels. We corrected these abnormalities by treatment with an implantable insulin device (Table 1) . After 1 week of insulin treatment, gastric emptying in both NOD-diabetic and STZ-diabetic mice is restored to normal (Figure 9a ). Insulin treatment also restores EFSinduced NANC relaxation in pylori from insulin-treated NOD-diabetic or STZ-diabetic animals ( Figure 3, b  and c) . The restorative effect of insulin on EFS-induced relaxations from insulin-treated NOD-diabetic pylori was greater than that observed in insulin-treated STZdiabetic pylori. This finding may reflect the more dramatic loss of nNOS expression observed in the NODdiabetic mice (Figures 4b and 5b) .
Insulin treatment is likely to alter the expression of numerous genes. To determine whether the induction of nNOS expression mediates the effect of insulin on gastric emptying, we monitored gastric emptying at 30 minutes in insulin-treated STZ-diabetic and insulintreated NOD-diabetic mice after administration of the nNOS inhibitor 7-NI. 7-NI reverses the restoration of normal gastric emptying in insulin-treated diabetic mice (Figure 9b ), indicating that nNOS catalytic activity mediates the effect of insulin treatment on gastric emptying. As insulin restores NANC relaxation in diabetic pylori, we tested NANC relaxation in the presence of 0.1 mM 7-NI. Under these conditions, NANC relaxation is completely blocked (data not shown), indicating that nNOS expression also accounts for the restorative effects of insulin on pyloric relaxation.
Insulin treatment returns nNOS protein expression in NOD-diabetic and STZ-diabetic pylori to near normal levels ( Figure 4, a and b) . In situ hybridization reveals that insulin treatment also substantially restores nNOS mRNA in both NOD-diabetic and STZ-
380
The 
Discussion
Gastropathy is an important cause of morbidity for diabetic patients, although the etiology of this syndrome is obscure. Using two models of diabetes in mice, we now report that diabetic mice develop selective depletion of nNOS protein and mRNA and delayed gastric emptying in conjunction with a loss of NOmediated NANC neurotransmission that mimics the phenotype of mice harboring a genomic deletion of nNOS. Our findings are consistent with recent reports of decreased nNOS expression and NANC relaxation in the gastric specimens of diabetic rats (25) (26) (27) . Two lines of evidence support nNOS deficiency as causal in diabetic gastropathy in these mouse models. First, sildenafil, a potent and selective PDE5 inhibitor that augments the effects of reduced NO levels, is able to restore gastric emptying in diabetic mice. Second, treatment of diabetic animals with insulin restores myenteric nNOS protein and mRNA, restores NO-mediated NANC neurotransmission, and reverses delayed gastric emptying. Thus, delayed gastric emptying in diabetic mice results from a reversible loss of nNOS expression within myenteric neurons that can be reversed with sildenafil. Gastric emptying results from the coordinated activity of the proximal stomach (fundus), antrum, pylorus, and duodenum (10) . Loss of fundal relaxation in nNOS -/-or diabetic mice would be expected to accelerate gastric emptying, whereas loss of pyloric or duodenal relaxation may delay gastric emptying. In both nNOS -/-and diabetic mice, the loss of nNOS is associated with delayed gastric emptying consistent with a major physiological effect on pyloric function. This conclusion is supported by our findings of more pronounced depletion of nNOS in the pylorus compared with the fundus and antrum and with the anatomic changes observed in these animals. Interestingly, in patients with recently diagnosed diabetes, some investigators have described accelerated gastric emptying (39, 55, 56) . These findings may reflect predominant loss of nNOS in the fundus or antrum in early diabetes. In our experiments, we do not detect accelerated gastric emptying. Our studies have only examined gastric emptying after 8 or 16 weeks of diabetes for the STZ-diabetic and NOD-diabetic animals, respectively. Perhaps accelerated gastric emptying would be detectable sooner after the onset of diabetes in mice. Alternatively, accelerated gastric emptying in early diabetic gastropathy may be more common in type II diabetes (48) or may be more prominent in humans compared with mice.
Molecular mechanisms regulating changes in expression of nNOS are unclear. nNOS expression is dramatically increased in spinal cord motor neurons after lesions of the ventral root (57, 58) and in the retina after pterygopalatine parasympathetic denervation (59) . The insulin-induced reversal of nNOS loss in diabetic mice suggests that insulin or IGFs may regulate the expression of nNOS in these systems. Alternatively, glucose, which is also known to affect gene expression, may directly or indirectly influence nNOS expression. Interestingly, glucoresponsive neurons within the ENS have recently been reported (60) .
Although nNOS expression was substantially reduced in diabetic mice in the ENS, we found no significant changes in nNOS levels in the central nervous system of these animals. We speculate that alternative promoter usage, which is particularly pronounced and tissue specific in the case of nNOS (61) (62) (63) (64) (65) , might account for the selective downregulation of nNOS observed in the ENS of diabetic animals. The apparently complete depletion of nNOS in the pylorus, esophagus, and ileum may reflect the use of a single, insulin-or glucose-sensitive, promoter in these tissues, whereas the partial depletion observed in the antrum, fundus, and colon may reflect the use of an additional glucose/insulin insensitive promoter(s).
Diabetic patients manifest motility disturbances in the small intestine and colon as well as the stomach (5, 6) , and recent evidence suggests that NO mechanisms regulate human small intestinal motility (66) . In diabetes, diarrhea may reflect diminished small intestinal motility allowing bacteria overgrowth, whereas constipation may result from poor motility in the colon. Perhaps the decreased nNOS expression we observe in intestinal tissues other than the pylorus contributes to other diabetic gastrointestinal syndromes. Interestingly, diabetic gastropathy and other diabetic gastrointestinal syndromes may worsen when patients are not taking insulin or have poor glucose control associated with illness (5, 6, 67) . Symptomatic improvement often follows resumption of insulin therapy or improved control of serum glucose levels. Accordingly, reversible decreases in nNOS expression, as reported here, may underlie the relapsing and remitting clinical course associated with diabetic gastrointestinal syndromes.
Other gastrointestinal disorders, unrelated to diabetes, may also result from dysregulation of nNOS in myenteric neurons. For example, pylori from infants with hypertrophic pyloric stenosis display a selective loss of nNOS (16, 17) . In this condition, loss of nNOS leads to pyloric hypertrophy and a complete blockade of gastric emptying. In the esophagus, loss of nNOSexpressing neurons is associated with dysfunction of the lower esophageal sphincter resulting in achalasia (68) (69) (70) . Functional bowel disorders, including irritable bowel syndrome and functional dyspepsia, affect a large group of patients who may have motility disturbances (71, 72) . Recent reports suggest that delayed gastric emptying is common in these patients (73, 74) , although whether NO-dependent mechanisms play a role remains to be determined.
Our findings have therapeutic implications. Currently, the major drugs used in treating diabetic gastropathy include domperidone, metoclopramide, cisapride, and erythromycin (5, 6) . These drugs act by increasing stomach contractions. Their limited clinical utility may reflect the finding that abnormalities in diabetic gastropathy are primarily in the NANC relaxation rather than the contractile component of gastropyloric function. Drugs that enhance the effect of NO, or of its effector, cGMP, would presumably cause pyloric relaxation. We found that treatment of diabetic mice with the PDE5 inhibitor sildenafil reverses delayed gastric emptying. This finding is consistent with a recent study demonstrating enrichment of PDE5 in the pylorus (54) .
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Figure 9
Insulin treatment reverses delayed gastric emptying. (a) Insulin treatment (1 week) of STZ-diabetic and NOD-diabetic mice reverses delayed gastric emptying (20% dextrose). The data shown are the means (± SEM) of quadruplicate determinations representing four animals for each data point. (b) Inhibition of nNOS with 7-NI delays gastric emptying in insulin-treated diabetic mice. Diabetic mice were treated with insulin (1 week) and subsequently treated with the nNOS inhibitor 7-NI (50 mg/kg) as described in Methods. Gastric emptying was measured, and mice were sacrificed at 30 minutes. Data shown are means (± SEM) of five determinations reflecting five animals in each group. A P < 0.01 for 7-NI-injected, insulin-treated NOD-diabetic animals compared with insulin-treated NOD-diabetic mice and for 7-NI-injected, insulin-treated STZ-diabetic animals compared with insulin-treated STZ-diabetic animals.
Figure 8
PDE5 inhibition reverses delayed gastric emptying in diabetic mice. NOD-diabetic and STZ-diabetic mice were treated with sildenafil (sf), as described in Methods, 20 minutes before determining gastric emptying. The data shown are the means (± SEM) of quadruplicate determinations representing four animals for each data point. Sildenafil treatment of diabetic animals reverses delayed gastric emptying in diabetic animals.
Interestingly, a recent report suggests that sildenafil can inhibit esophageal motility in patients with achalasia (74) . Thus, PDE5-selective inhibitors, such as sildenafil, may be effective in the treatment of diabetic gastropathy and related conditions.
